One of the most complex problems of the physical chemistry of fi lled polymers is the bonding of highly fi lled polymer composites (HFPCs) with a rigid multilayer substrate [1] [2] [3] . The fabric adhesive method of bonding HFPCs is most widely used. According to this method, a bonding composition (BC) and a vulcanising additive (VA) are applied to a fabric substrate plied up with rubber. The main components of the BC are oligomeric rubber, special-purpose additives, and the curing agent of the rubber. The HFPC comprises a plasticised-rubber-based curable binder, which contains different dispersed fi llers, and a number of functional additives. The curing agent of the HFPC is used as the VA.
The aim of the research was to create a BC for the bonding of HFPC based on binder NGU (polyester urethane rubber plasticised with nitroglycerine) [4, 5] . Dinitrile oxide was used for the curing of binder NGU [6] .
In the creation of a BC for HFPCs, account was taken of the following requirements of BCs:
• the BC should be chemically compatible with the HFPC, i.e. in the zone of contact with the HFPC the volume of gas liberation must not exceed the required standard;
• the glass transition temperature of the BC must be no higher than the lower service temperature limit of the HFPC;
• the physicomechanical characteristics of the BC must be higher than the corresponding characteristics of the HFPC;
• the strength of bonding of the BC to the HFPC must be at or above the strength level of the HFPC;
• the BC must have limited swelling in the plasticiser of the HFPC, so as negligibly to reduce its content in the HFPC layers in contact with the BC and not to change their physicomechanical characteristics signifi cantly;
• the BC must have a life that enables it to be used for application to the rubber-fabric substrate by the chosen method.
In the bonding of an HFPC using a BC, the main problem of bonding the elastic HFPC and the rigid multilayer substrate -reduction in the modulus difference between the materials being bonded -is solved. This is achieved by using a BC and VA that ensure the occurrence of different physical and chemical processes at the boundary of the materials being bonded, on account of which there is a smooth change in the physicomechanical characteristics of the HFPC -an increase in modulus and a reduction in strain in the bonding zone [1, 3] .
The choice of the BC is determined by the chemical nature of the HFPC binder.
An analysis of published data [7] indicates that, to create a BC ensuring the bonding of an HFPC based on binder NGU, it is expedient to use, as the base for the BC formulation developed, a composition comprising a solution in ethyl acetate of weakly polar low-molecularweight oligodieneurethane epoxy rubber PDI-3A (I), diphenylolpropaneformaldehyde oligomer FL-326 (II), and a curing agent for the rubber -dinitrile oxide (III). The given composition was used for the bonding of an HFPC containing nitric acid ester as a plasticiser.
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where The chemical structure of rubber PDI-3A determines its limited compatibility with nitric acid esters and, in particular, with polar nitroglycerine [8, 9] . Oligomer FL-326 is a solid at 20°C. In the bonding composition, FL-326 promotes an increase in the physicomechanical characteristics of dinitrile-oxide-cured PDI-3A.
The curing of rubber PDI-3A I by dinitrile oxide III by double bonds proceeds by the mechanism of 1,3-dicycloaddition [6] :
In choosing the optimum formulation of the BC for the bonding of an HFPC based on binder NGU, a study was made of several BC variants comprising ~50-55% solutions in ethyl acetate of a blend of rubber PDI-3A, oligomer FL-326, and curing agent dinitrile oxide. These variants differed in the ratio of the components. Here, the ratio of mass parts of PDI-3A C PDI-3A to mass parts of FL-326 C FL-326 was constant. The variable quantity in the BC formulations was the ratio of mass parts of PDI-3A C PDI-3A to mass parts of the curing agent dinitrile oxide C DNO . The maximum ratio of the strength of bonding of the BC applied, with VA, to the rubber-fabric substrate with the HFPC, σ direct pull , to the strength σ t of the HFPC, σ direct pull /σ t , was adopted as the optimality criterion of the BC formulation.
The strength of bonding σ direct pull was determined by the method of uniform separation of the rubber-fabric substrate with the BC and VA applied from the HFPC on cured specimens. The strength of the HFPC, σ t , was determined by uniaxial elongation of HFPC specimens. Data on the choice of the optimum BC formulation are given in Table 1 .
From the data given in Table 1 it follows that, with increase in the amount of dinitrile oxide in the BC, the strength of bonding of the BC applied to the rubber-fabric substrate with the HFPC increases. Taking into account the requirements concerning the life of the bonding composition, BC variant No. 3 ( Table 1) , with a 45% concentration in ethyl acetate, was chosen as the optimum BC formulation for the bonding of the HFPC.
The characteristics of the BC polymerised by the HFPC curing schedule, are given in Table 2 .
The physicomechanical characteristics of the BC are greater than those of the HFPC.
The infl uence of the consumption of BC and VA applied to the rubber-fabric substrate on the bonding strength with the HFPC was studied.
It was established that, with a BC consumption in the range 100-450 g/m 2 in terms of dry residue, the strength of bonding of the BC with the HFPC hardly varies.
Data on the infl uence of the VA consumption on the bonding strength of the BC with the HFPC are given in Table 3 .
Analysis of the results obtained indicates that, in the range of specifi c consumption of BC from 0 to 30 g/m 2 in terms of dry residue, the strength of bonding of the BC to the HFPC increases with increase in BC consumption. With a specifi c BC consumption of 30-75 g/m 2 in terms of dry residue, the strength of bonding of the BC with the HFPC hardly varies and is 10-20% higher than the strength of the HFPC.
On the basis of the data obtained, the optimum specifi c consumptions of BC and VA were chosen:
• consumption of BC from 200 to 360 g/m 2 in terms of dry residue;
• consumption of VA from 30 to 60 g/m 2 in terms of dry residue.
To ensure integrity of the fi lm of bonding composition applied to the rubber-fabric substrate, on its initial contact with the HFPC, which is in the viscous fl ow state, the partial polymerisation of the BC is carried out. In this connection, investigations were made of the infl uence of the regime of partial polymerisation of the BC on the bonding strength with the HFPC. The dependence of the bonding strength of the BC-HFPC system on the duration of partial polymerisation of the BC at 50°C was determined (Table 4) . Also, the kinetics of curing of the BC at 50°C was studied by IR spectroscopy from the change in intensity of the 2288 cm −1 absorption band relating to stretching vibrations of the nitrile oxide group of the dinitrile oxide ( Table 5) . Tables 4 and 5 indicates that the partial polymerisation of the BC increases the bonding strength of the BC to the HFPC, and here the duration of the given process must be at least 2 h at 50°C.
Analysis of the data given in
At the BC-HFPC boundary, different mass exchange processes occur that have an infl uence on the properties of the HFPC layers in contact with the BC. One of these processes is the diffusion of the plasticiser of the HFPC binder into the BC and rubber-fabric substrate. The intensity of this process is determined by the magnitude of swelling of the BC and a component part of the substrate -the rubber -in the plasticiser of the HFPC binder. Therefore, the maximum degree of swelling of the BC and rubber in the binder of the HFPC fi ller at different temperatures was determined ( Table 6) .
From the results given it can be seen that the BC and the rubber swell a limited amount in the plasticiser of the HFPC binder. The degree of swelling of the BC and rubber depends on their chemical nature and the properties of the plasticiser [8, 9] .
On the basis of IR spectroscopic studies of the change in intensity of the 1650 cm −1 absorption band characteristic of nitric acid esters in an HFPC extract containing nitroglycerine, it was established that the plasticiser content in the HFPC layers in contact with the BC amounts to 90% of its content in the interior layers. This is consistent with data on the swelling of the BC and rubber in the HFPC binder ( Table 6 ).
By the ampoule chromatographic method it was established that the "rubber-fabric substrate + BC + VA + HFPC" system is chemically compatible, i.e. the volume of gas liberation of the contacting materials does not exceed the permissible standard.
It is known [1, 3] that, at the BC-HFPC boundary, mass exchange and chemical processes occur that lead to the formation of an HFPC zone with characteristics that differ from the bulk properties. The characteristics of the boundary layers (BLs) of the HFPC (physicomechanical properties, bonding strength) are determined largely by the amount of sol fraction (the uncured proportion) of the rubber, S, of the HFPC binder: the lower the magnitude of the sol fraction of the rubber, the greater is its degree of curing. A difference is observed in the magnitude of the sol fraction of the rubber of the boundary layers, S BL , and interior layers, S IL , of the HFPC. This difference is one of the factors affecting the bonding strength of the BC to the HFPC.
Change in the degree of curing of the HFPC rubber at the BC-HFPC boundary can occur as a result of the diffusion of the curing agent of the BC into the HFPC, the diffusion of the curing agent of the HFPC into the BC and rubber-fabric substrate, and also the diffusion of the vulcanising agent applied to the BC into the HFPC.
These processes affect both the bonding strength of the BC with the HFPC and the level of strain of the boundary layer -one of the key characteristics of the durability of the article. From the data given in Tables 1 and 3 it follows that one of the most signifi cant factors affecting the bonding strength of the BC with the HFPC is the VA consumption on the surface of the BC. In connection with this, a study was made of the infl uence of the amount of VA on the surface of the BC on the degree of curing of the HFPC rubber, the physicomechanical characteristics of the BL and the bonding strength of the BC with the HFPC (Tables 7 to 9 ). Table 7 indicates that, in the absence of VA on the surface of the bonding composition, the HFPC is hardly cured in the boundary layer, and the bonding strength is lower than the strength of the HFPC. The application of VA to the surface of Table 6 . Saturation limit of the BC and rubber in NGU the BC leads to an increase in the degree of curing of the boundary layer of the HFPC and, consequently, to an increase in the bonding strength of the BC with the HFPC. For the chosen BC consumption (45 ± 15) g/m 2 in terms of dry residue, the sol fraction of the rubber of the boundary layer S BL of the HFPC is practically identical and lower than that in the interior layers of the HFPC. Here, the bonding strength of the HFPC with the BC is 10-20% higher than the strength of the HFPC.
An analysis of the results in
The infl uence of the amount of VA on the surface of the BC on the degree of curing of the HFPC layers in contact with the BC is presented in Table 8 .
From the data given in Table 8 it follows that increase in the amount of VA on the surface of the BC is accompanied both with an increase in the degree of curing of the HFPC rubber and with an increase in the zone of diffusion of the VA -dinitrile oxide -from the surface of the BC into the HFPC. With increase in the amount of VA from 15 to 90 g/m 2 in terms of dry residue, the magnitude of the sol fraction of the HFPC rubber in the BL decreases from 22 to 13%.
For a VA consumption of 15 g/m 2 in terms of dry residue, the zone of diffusion of dinitrile oxide into the HFPC is minimal and amounts to ~2 mm. The most extensive zone of the HFPC, from 8 to 10 mm, with an amount of sol fraction of the HFPC rubber that differs from that of the interior layers of the HFPC is observed with a VA consumption of 60-90 g/m 2 in terms of dry residue.
The physicomechanical characteristics of the HFPC layers in contact with the BC, with different amounts of VA on the surface of the BC, are presented in Table 9 . The data given in Table 9 and in Figures 1 and 2 indicate that the application of VA to the surface of the BC leads to an increase in strength and elastic modulus and to a reduction in strain of the BL. As the distance from the surface of the BC increases, the physicomechanical characteristics of the HFPC approach the bulk properties of the HFPC. 
